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Role of free radicals in the pathogenesis of lipid-induced glo- after, a variety of animal experiments have suggested
merulosclerosis in rats. that lipids are involved in the development and progres-
Background. We examined whether a high-cholesterol sion of glomerular injury [2–6], and that antihyperlipid-
(HC) diet causes glomerulosclerosis in rats, and investigated emic agents reduce circulatory lipids and ameliorate glo-the role of free radicals and lipid peroxidation in lipid-induced
merular injury [7]. However, the mechanism by whichglomerulosclerosis.
lipid abnormality causes glomerular injury remains un-Methods. The rats were given a normal diet, a HC diet, or
a HC diet with antioxidants and radical scavengers. Serum clear.
levels of lipid, lipid peroxide (LOOH), urinary excretion of On the other hand, LDL, especially oxidized LDL,
protein (UP), and urinary norepinephrine excretion (UNE) has been reported to be an important cause of atheroscle-
were measured. The glomerular sclerosing score was used to rosis [8]. Moreover, because both vascular smooth mus-evaluate the renal injury.
cle cells and renal mesangial cells are from the sameResults. Blood pressure, total cholesterol, and LOOH were
origin and have morphological and functional similarit-increased by a HC diet, as were UP and UNE. The HC diet
induced renal injury. Treatment with superoxide dismutase, ies, the pathologic features of glomerular sclerosis caused
dimetylthiourea as a scavenger of hydroxyl radical (OH•), def- by hyperlipidemia could be analogous to those of athero-
feroxamine masilate as an iron chelator, or vitamin E inhibited sclerosis in arteries [9].
the increases in blood pressure, LOOH, UP, and UNE, whereas Recently, an oxygen-derived free radical, superoxidetotal cholesterol was not affected. The production of superox-
anion (O22 •), was reported to be increased in both hyper-ide anion (O22 •) by neutrophil and LOOH in the kidney was
lipidemia and kidney diseases [10–12]. The toxicity ofincreased, and superoxide dismutase and hydrogen peroxide
free radical is a consequence of its ability to react notin the kidney were decreased. Almost all of these changes were
attenuated by vitamin E; however, the O22 • production was not only with proteins and DNA, but also with lipids. Peroxi-
inhibited. OH• was increased by the HC diet, and it was normal- dation of polyunsaturated fatty acids in the cellular mem-
ized with the treatments. Furthermore, the sclerosing score brane could interfere with cellular functions, and the
was partially suppressed by the treatments. Ferric iron was
degradation of DNA also could interfere with the repairstained in the proximal tubulus, and it was not observed in the
of cells that require cell division. O22 • is further metabo-treated rats.
lized into hydrogen peroxide (H2O2) and a hydroxyl radi-Conclusions. The data suggest that lipid peroxidation is in-
volved in the pathogenesis of lipid-induced glomerulosclerosis cal (OH•). Iron catalyzes this reaction, which can be
and that O22 • and OH• may play a role in the process. separated into three steps, and OH• can oxidize lipid to
lipid peroxide (LOOH), as shown in Figure 1. These
reactive oxygen species have cell toxicity; in particular,
In 1982, Moorhead et al reported that low-density OH• is highly reactive and could play an important role
lipoprotein (LDL) stimulated the mesangial cells to pro- in lipid oxidation.
liferate and produce excess basement membrane mate- We therefore examined whether a high-cholesterol
rial, and suggested that lipid abnormality could play a (HC) diet causes glomerulosclerosis in rats, and we also
investigated the role of free radicals and lipid oxidationrole in the pathogenesis of glomerular injury [1]. There-
in the lipid-induced glomerulosclerosis using vitamin E
(VitE), iron chelator, OH• formation inhibitors, and an
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Fig. 1. Mechanism for lipid peroxidation by
free radicals. Superoxide anion released from
activated neutrophils is metabolized into hy-
droxyl radical in hyperlipidemia. In the next
step, free radicals oxidize lipid by chain reac-
tion. Lipid peroxide (LOOH) oxidizes Fe21
to Fe31 and produces alkoxyl radical (LO•),
which also plays a role in the lipid peroxida-
tion. Abbreviations are: SOD, superoxide dis-
mutase; CAT, catalase; DEF, defferoxamine
mesilate; DMTU, dimetylthiourea; O2•, super-
oxide anion; H2O2, hydrogen peroxide; OH•,
hydroxyl radical; L•, lipid radical; LO2•, per-
oxyl radical; LH, lipid; LOOH, lipid peroxide;
Fe21, ferrous iron; Fe31, ferric iron.
(Ibaragi, Japan). All rat chow used in the study was normal rat chow with a cholesterol content of 0.09%
[normal cholesterol (NC), N 5 15] for 8 or 20 weeks.purchased from Oriental Yeast Inc. (Chiba, Japan).
Bovine superoxide dismutase (SOD) and catalase Ten rats of each group were sacrificed at 8 weeks, and
(CAT) were obtained from Sigma Chemical Co. (St. five rats were sacrificed at 20 weeks. Blood pressure,
Louis, MO, USA). Dimetylthiourea (DMTU) was from heart rate by the tail cuff method using a manometer-
Nacalai Tesque (Kyoto, Japan), and defferoxamine mesi- tachometer (KN-210-1, Natsume, Japan), and body weight
late (DEF) was from Ciba-Geigy (Tokyo, Japan). dl- were measured at 0, 4, 8, and 20 weeks during the experi-
lysine acetylsalicylate was provided by The Green Cross ment. Fasting blood samples were obtained from the
Corporation (Osaka, Japan). tail vein prior to and at four-week intervals during the
experiment or from the abdominal aorta at the end of
Experiment A experiment. Twenty-four–hour urine samples were col-
lected from each rat housed for 24 hours in a metabolicThe rats were given either a HC rat chow, including
4% cholesterol and 1% cholic acid (HC, N 5 15) or a cage with free access to water. At the end of the experi-
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Table 2. Serum lipids, creatinine, and urinary excretion of protein,Table 1. Effect of a high cholesterol diet on blood pressure,
heart rate and body weight NAG and norepinephrine
Baseline 4 weeks 8 weeks 20 weeksBaseline 4 weeks 8 weeks 20 weeks
NC NC
N 15 15 15 5N 15 15 15 5
BP mm Hg 12063 120 64 12262 12962 TC mg/dl 6866 65 65 7866 7664
TG mg/dl 4166 39 63 3462 3462HR beats/min 37663 376 63 37864 38264
Body wt g 30064 442 611 531614 62569 HDL-C mg/dl 5066 52 63 6266 6364
MDA nmol /ml 1.7960.03 1.82 60.04 1.8760.06 1.9060.02
HC Cr mg/dl 0.4760.02 0.49 60.02 0.5260.06 0.5160.02
N 15 15 15 5 UP mg/day 3.460.2 7.9 60.3 8.360.1 8.760.2
BP mm Hg 12263 13062a 14563b 169611b NAG U/day 0.0560.01 0.05 60.01 — —
HR beats/min 37263 38263 39063 39064 UNE lg/day 0.3460.01 0.57 60.01 0.6860.04 —
Body wt g 30069 423617 520611 615614
HC
Values are mean 6 se. N 15 15 15 5
Abbreviations are: HC, high cholesterol; NC, normal cholesterol; BP, TC mg/dl 6863 399668a 406665a 447656a
blood pressure; HR, heart rate; Body wt, body weight. TG mg/dl 3963 3363 3565 3262a P , 0.05, b P , 0.01 vs. NC HDL-C mg/dl 6065 2061a 1262a 1061a
MDA nmol /ml 1.8260.07 3.0160.09a 3.7160.14a 3.7360.25a
Cr mg/dl 0.4960.02 0.5060.02 0.5460.02 0.5260.03
UP mg/day 3.560.2 28.460.2a 36.760.2a 98.661.6a
NAG U/day 0.0460.01 0.1260.01a — —
UNE lg/day 0.3560.01 0.8360.02a 1.6760.08a —ment, the left kidneys were removed to evaluate histo-
Values are mean 6 se.logic changes.
Abbreviations are: HC, high cholesterol; NC, normal cholesterol; TC,Serum levels of total cholesterol (TC), triglycerides total cholesterol; TG, triglyceride; HDL-C, high density lipoprotein
(TG), high-density lipoprotein cholesterol (HDL-C), cholesterol; MDA, malondialdehyde; Cr, creatinine; UP, urinary excre-
tion of protein; NAG, urinary excretion of N-acetyl-D-glucosamini-malondialdehyde (MDA) as a parameter for LOOH and
dase; UNE, urinary excretion of norepinephrine.
creatinine, and urinary excretion of protein (UP) were a P , 0.01 vs. NC
measured at 0, 4, 8, and 20 weeks. Urinary norepineph-
rine excretion (UNE) was also determined at 0, 4, and
8 weeks, and urinary N-acetyl-b-D-glucosaminidase
(NAG) at zero and four weeks. TC and TG were mea- Experiment B
sured by an enzymatic color test [13, 14] using an auto- Male Sprague-Dawley rats were fed a normal diet
matic analyzer (Hitachi 7150; Hitachi, Tokyo, Japan). (NC, N 5 12) or a HC diet with normal (2 mg/100 g,
HDL-C was measured by the heparin Ca21, Ni21 deposi- HC, N 5 12) or high VitE (58.5 mg/100 g, HCE, N 5
tion method [15], and malondialdehyde (MDA) as a 12) for four weeks. To examine the effect of scavenger
parameter for LOOH was measured by the thiobarbi- for radicals and iron chelate, which is involved in OH•
taric acid method [16]. UP, UNE, and NAG were mea- formation, on the renal injury induced by a HC diet,
SOD, CAT, DMTU for scavenging hydroxyl radical, andsured by the pyrogallol red-molybdenum method [17],
DEF for iron chelate were used. SOD at a dose of 18,000high-performance liquid chromatography (HPLC) [18]
U/kg/day, the same dose of SOD plus CAT at a dose ofand sodio-m-cresolsulfonphthaleinyl colorimetric meth-
90,000 U/kg/day, 20 mg/kg/day DMTU, and 50 mg/kg/ods [19], respectively.
day DEF were intraperitoneally injected for four weeks
using osmotic minipumps (ALZET; Alza Corp., PaloHistologic study
Alto, CA, USA) into each of the five rats fed with theAt the 8- or 20-week point of the experiment, the
HC diet because they were available for four weeks.
left kidneys were removed and fixed in 10% buffered
Similar to experiment A, blood pressure, heart rate,
formalin, and 1 mm paraffin sections received periodic and body weight were measured before and at the end
acid-Schiff staining. The glomerular sclerosing score (SS) of the experiment. Serum levels of TC, TG, HDL-C,
was used to evaluate the renal injury [20]. We then made MDA, and creatinine were also determined. At the end
estimates from 80 to 100 glomeruli from each specimen. of the experiments, all rats were sacrificed, and their left
The sclerosing grade of each glomerulus was determined kidneys were removed for histologic study. Sections of
as follows: grade 0 (normal), grade 1 (lower than one- the kidneys received periodic acid-Schiff staining, and
third sclerosis of glomerulus), grade 2 (from one-third glomerulosclerosis was evaluated by SS. Serum SOD
to two-thirds sclerosis of glomerulus), grade 3 (higher activity, O22 • release from neutrophils, and MDA in the
than two-thirds sclerosis of glomerulus), and grade 4 kidney were measured in seven randomly selected rats
(global sclerosis). Finally, the SS is the sum of the grade for NC, HC, and HCE. Other kidney slices from the
same rats also received ferric iron (Fe31) staining to shownumbers of 100 glomeruli.
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Fig. 2. Histological findings of the kidney in
rats fed with a normal diet (NC) and rats with
a high-cholesterol (4%) diet (HC) at 20 weeks
of the experiment. One micrometer paraffin
sections of the kidneys were received by peri-
odic acid-Schiff (PAS) staining. (A) NC rats
had normal glomeruli and tubuli (grade 0,
3400), whereas in HC rats, (B) capsular adhe-
sion containing foam cells (arrow head; grade
1, 3400), (C) mesangial matrix expansion
(arrow) and foam cells (arrow head; grade 2,
3400), and (D) inflammatory cell infiltration
into the tubulointerstitial region (3200) were
observed. The degree of sclerosis of each glo-
merular was graded using a 0 (normal) to 41
(global sclerosis) scale.
rameter of H2O2, and MDA in the supernatant were
measured by nitrite (abstract; Minami and Yoshikawa,
Clin Chem Acta 92: 337, 1979), nicotine adenine dinucle-
otide phosphate oxidase [22], and thiobarbitaric acid
methods [16], respectively.
Measurement of the superoxide anion release
from neutrophils
Approximately 30 ml of blood was drawn from the
abdominal aorta into a syringe containing heparin (30
U/ml · blood). Neutrophils were obtained after sedimen-
tation of the erythrocytes with 6% dextran of two thirds
of the blood volume and hypotonic lysis of residual con-
taminating erythrocytes with 1 ml of 0.1% NaCl solution,
and 1 ml of 1.7% NaCl solution was added to the sample.
Neutrophils were stimulated by zymosan, and O22 • re-
lease was determined by the difference in absorbance at
550 nm in samples measured by spectrophotometer and
the absorption coefficient (21.1 mm21 · cm21) for theFig. 3. Glomerular sclerosing score (SS) of rats fed with a normal diet
reduction of cytochrome C (abstract; Butler et al, Bio-(NC) and rats with a high cholesterol (4%) diet (HC) at 8 and 20 weeks.
The degree of sclerosis of each glomerulus was graded using a 0 (normal) chem Biophys Acta 408:215, 1975).
to 41 (global sclerosis) scale. SS is the sum of grade numbers (0 to
approximately 4) of 100 glomeruli (*P , 0.01). Hydroxyl radical measurement
OH• was determined using the aromatic hydroxylation
of salicylate method [23]. One hour before sacrificing
the existence of Fe31, which is produced during OH• the rats, dl-lysine acetylsalicylate, equivalent to 30 mg/
formation (Fenton’s reaction). kg of aspirin, was injected into the tail vein. Aspirin is
Approximately one third of each removed kidney was rapidly hydrolyzed into salicylate in vivo. If salicylate
homogenized with 10-fold volume 1.15% KCI of kidney is attacked by OH•, unusual products of enzymatic
weight and centrifuged at 3000 r.p.m. for 10 minutes. salicylate metabolism, such as 2,3-dihydroxybenzoate
(2,3DHB), are increased compared with normal productsSOD, glutathion peroxidase (GSHPx) activity as a pa-
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Table 3. Effect of antioxidants and radical scavengers on blood pressure, heart rate and body weight
NC HC HCE SOD SOD 1 CAT DMTU DEF
Week (N 5 12) (N 5 12) (N 5 12) (N 5 5) (N 5 5) (N 5 5) (N 5 5)
BP mm Hg 0 108 62 106 63 108 62 105 62 109 63 109 62 110 62
4 120 61 137 62a 12262b 12462b 12164b 12165b 12262b
HR beats/min 0 376 62 382 64 380 63 380 65 382 64 380 67 388 64
4 372 66 382 64 384 63 384 62 388 64 388 64 380 65
Body wt g 0 300 64 300 69 293 67 297 64 296 68 290 68 295 62
4 442 612 423 64 426 66 432 612 438 615 446 618 417 67
Values are mean 6 se.
Abbreviations are: HC, high cholesterol; NC, normal cholesterol; HCE, high cholesterol with high VitE; SOD, HC with superoxide dismutase; SOD 1 CAT, HC
with superoxide dismutase plus catalase; DMTU, HC with dimetylthiourea; DEF, HC with defferoxamine mesilate; BP, blood pressure; HR, heart rate; Body wt,
body weight.
a P , 0.05 vs. NC
b P , 0.05 vs. HC
Table 4. Effect of antioxidants and radical scavengers on serum lipids, creatinine, and excretion of protein and norepinephrine
NC HC HCE SOD SOD 1 CAT DMTU DEF
Week (N 5 12) (N 5 12) (N 5 12) (N 5 5) (N 5 5) (N 5 5) (N 5 5)
TC mg/dl 0 7463 7166 6966 76 64 76 66 78 66 7467
4 7463 298628b 300629b 324635b 389656b 345618b 309626b
TG mg/dl 0 2865 3165 2761 37 65 33 65 31 63 3265
4 3363 3964 3268 29 63 30 66 28 63 2965
HDL-C mg/dl 0 5664 5462 5763 50 64 53 64 56 65 5464
4 4965 2363b 3765ad 3765ac 3364ac 4264ac 3162b
MDA nmol /dl 0 1.6360.09 1.8060.06 1.7060.08 1.80 60.07 1.60 60.05 1.72 60.05 1.6260.04
4 1.8060.06 3.1460.19b 2.0060.06d 1.7860.06d 1.8460.05d 1.7060.05d 1.8860.07d
Cr mg/dl 0 0.5560.03 0.5260.04 0.5560.03 0.50 60.03 0.50 60.03 0.52 60.02 0.5060.03
4 0.5560.03 0.5860.03 0.5860.03 0.50 60.03 0.52 60.02 0.54 60.02 0.5260.02
UP mg/day 0 3.6360.13 3.5460.24 3.8760.11 3.38 60.24 3.70 60.13 3.43 60.23 3.7060.26
4 6.23 60.33a 26.360.26b 6.4960.77ad 7.3460.37ad 6.3160.64ad 5.2960.31ad 5.2660.42d
UNE lg/day 0 0.3460.01 0.3560.01 0.3360.01 0.34 60.01 0.31 60.01 0.35 60.02 0.3060.02
4 0.3760.04 0.8360.04b 0.4460.01ad 0.6260.06bd 0.7160.03bc 0.7360.04bc 0.7660.03b
Values are mean 6 se.
Abbreviations are: HC, high cholesterol; NC, normal cholesterol; HCE, high cholesterol with high VitE; SOD, HC with superoxide dismutase; SOD 1 CAT, HC
with superoxide dismutase plus catalase; DMTU, HC with dimethythiourea; DEF, HC with defferoxamine mesilate; TC, total cholesterol; TG, triglyceride; HDL-C,
high density lipoprotein cholesterol; MDA, malondialdehyde; Cr, creatinine; UP, urinary excretion of protein; UNE, urinary excretion of norepinephrine.
a P , 0.05, b P , 0.01 vs. baseline week 0, c P , 0.05, d P , 0.01 vs. HC
of 2,5-dihydroxybenzoate (2,5DHB). Therefore, the pro- comparable. Finally, body weight increased similarly in
the two groups (Table 1).duction of OH• in the kidney was determined by measur-
ing of the ratio of 2,3DHB to 2,5DHB in the supernatant Serum lipids, creatinine, and urinary excretion of pro-
tein, NAG, and norepinephrine. Total cholesterol wasof the homogenized kidney using an HPLC electrochem-
increased, and HDL-C was decreased in the HC rats.ical detector.
MDA was also increased; however, TG and creatinine
Statistics did not change significantly. UP, NAG as a parameter
for proximal tubular injury, and UNE were increasedData are reported as mean 6 se. Statistical analysis
(Table 2). In all rats, UNE was significantly correlatedwas performed using the unpaired Student’s test for the
with blood pressure at eight weeks (r 5 0.95, P , 0.01,difference between two groups and Scheffe’s multiple
N 5 30).range analysis for signifying the differences among the
groups. A value of P , 0.05 was considered statistically
Histologic studysignificant.
In HC rats, renal injury such as expanded mesangium,
foam cells, hyaline droplets, and tubulointerstitial changesRESULTS
were already observed at eight weeks, whereas no sig-
Experiment A nificant change was observed in the intrarenal artery
(Fig. 2). This renal damage was mild compared withBlood pressure, heart rate, and body weight. In HC
rats, blood pressure was increased at four weeks and those found at 20 weeks. SS was higher in the HC rats
than in the NC rats (at 20 weeks, 143 6 10 vs. 66 6 2,thereafter; however, no significant change in blood pres-
sure was observed in the NC rats. Heart rate results were P , 0.01; Fig. 3). At the end of the experiment, SS was
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Fig. 4. Effects of vitamin E on (A) the superoxide anion release by
neutrophils and (B) lipid peroxides (MDA) in the kidney. The rats
were fed a normal diet (NC, N 5 12), or a high-cholesterol diet with
normal (2 mg/100 g, HC, N 5 12) or high vitamin E (58.5 mg/100 g,
HCE, N 5 12) for four weeks. Neutrophils obtained from the rats
were stimulated by zymosan, and the superoxide anion release was
determined by the difference in absorbance at 550 nm in samples mea-
sured by spectrophotometer and the absorption coefficient (21.1 mm21 ·
cm21) for the reduction of cytochrome C. Approximately one third of
each removed kidney was homogenized with 10-fold volume 1.15% Fig. 5. Effects of vitamin E on superoxide dismutase (SOD) activity
KCI of kidney weight and was centrifuged at 3000 r.p.m. for 10 minutes. (A) in serum and (B) in the kidney, and (C) glutathion peroxidase
MDA in the supernatant was measured as a parameter for lipid perox- (GSHPx) activity in the kidney. GSHPx activity was measured as a
ides. The production of superoxide anion (O22 •) by neutrophils was parameter of H2O2. Although serum SOD did not show significant
significantly greater in the HC rats than in the NC rats. Vitamin E did change with the cholesterol diet, SOD in the kidney was decreased in
not affect the O22 • production; however, it partially inhibited the increase HC rats. Similarly, GSHPx in the kidney was suppressed in the HC rats
in MDA in the kidney. Abbreviations are: HC, high cholesterol; NC, and normalized with vitamin E. Abbreviations are: HC, high cholesterol;
normal cholesterol; HCE, high cholesterol with high vitamin E. *P , NC, normal cholesterol; HCE, high cholesterol with high vitamin E.
0.05; **P , 0.01. *P , 0.05.
Experiment Bsignificantly correlated with BP (r 5 0.79, P , 0.01, N 5
30), UP (r 5 0.84, P , 0.01, N 5 30), and MDA (r 5 Blood pressure, heart rate, and body weight. As seen
in experiment A, the blood pressure of the HC rats0.69, P , 0.01, N 5 30).
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Fig. 6. Effects of antioxidant and radical
scavengers on the ratio of 2,3-dihydroxy-
benzoate (2,3DHB) to 2,5-dihydroxybenzoate
(2,5DHB) in the kidney. One hour before sac-
rificing the rats, dl-lysine acetylsalicylate was
injected into the tail vein. If salicylate is at-
tacked by hydroxyl radical (OH•), unusual
products of enzymatic salicylate metabolism,
such as 2,3DHB, are increased compared with
normal products of 2,5DHB. Therefore, the
ratio of 2,3DHB to 2,5DHB in the supernatant
of the homogenized kidney was measured as
a parameter of OH•. Abbreviations are: HC,
high cholesterol; NC, normal cholesterol;
HCE, high cholesterol with high vitamin E;
SOD, HC with superoxide dismutase; SOD 1
CAT, HC with superoxide dismutase plus cat-
alase; DMTU, HC with dimetylthiourea;
DEF, HC with defferoxamine mesilate. *P ,
0.05; **P , 0.01 vs. HC.
was increased at four weeks, and the increase in blood was increased in HC rats (0.093 6 0.018 vs. 0.053 6
0.005, P , 0.01) and completely normalized or somewhatpressure was completely inhibited by treatment with
VitE, SOD, SOD plus CAT, DMTU, or DEF. Heart lower than that of NC rats in HC treated with the antioxi-
dant or radical scavenger (Fig. 6).rate and body weight gains were comparable among the
groups (Table 3).
Histological studySerum lipids, creatinine, and urinary excretion of pro-
tein and norepinephrine. The HC diet increased TC and Expanded mesangium and atrophic tubuli were ob-
decreased HDL-C. Serum MDA and UP were also in- served in HC rats at four weeks into the experiment
creased. The antioxidants and radical scavenger used in (Fig. 7A). The changes were mild compared with those
this experiment did not affect the increase in TC; how- at 8 or 20 weeks. VitE ameliorated the renal injury in
ever, the decrease in HDL-C was partially attenuated. HC rats (Fig. 7B). SS was higher in HC rats and was
The increases in MDA and UP by the HC diet were partially suppressed by the treatment with VitE, SOD,
completely inhibited. UNE was also increased by the SOD plus CAT, DMTU, or DEF (Fig. 8).
HC diet, and the increase was partially suppressed by Ferric iron (Fe31) was stained in the proximal tubular
the antioxidants and radical scavenger (Table 4). epithelial cells and interstitium in HC and DMTU rats,
The relationship between blood pressure and UNE whereas it was not observed in NC, SOD, SOD plus
seen in experiment A was not observed in any of the CAT, or DEF animals (Fig. 9).
rats in experiment B.
Production of superoxide anion and hydroxyl radi-
DISCUSSIONcal. The production of O22 • by neutrophils was signifi-
In this experiment, a HC diet increased blood pressurecantly greater in the HC rats than in the NC rats (4.3 6
and induced glomerulosclerosis in rats. Glomeruloscle-0.1 mm/106cell/15min vs. 2.7 6 0.3, P , 0.01; Fig. 4A).
rosis and inflammatory cell infiltration into the intersti-VitE did not affect the O22 • production; however, it par-
tium were observed at 20 weeks, whereas the changestially inhibited the increase in MDA in the kidney (HC,
were mild at 8 weeks. In general, lipid-induced glomeru-95 6 6 vs. NC, 52 6 5 nm/g · protein, P , 0.01; HCE,
losclerosis is caused by many factors such as the decrease73 6 2 nm/g · protein, P , 0.05 vs. HC; Fig. 4B). Although
in endothelium-derived relaxing factor productionserum SOD did not show significant change with the
caused by renal vascular endothelial dysfunction [24, 25]cholesterol diet (Fig. 5A), SOD in the kidney was de-
and the increases of thrombus, mesangial cells, mesangialcreased (NC, 4666 6 156 nm/g · protein vs. HC, 4318 6
matrix, protein permeability through basement mem-79 nm/g · protein, P , 0.05; Fig. 5B). Similarly, GSHPx
brane, sodium reabsorption in the tubulus, and intrag-in the kidney was suppressed in HC rats and normalized
lomerular pressure [26, 27]. In our study, the SS waswith VitE (NC, 0.54 6 0.02 mm NADPH/min/mg · protein
correlated with blood pressure, serum cholesterol, andvs. HC, 0.43 6 0.04 NADPH/min/mg · protein, P , 0.05;
LOOH. Moreover, VitE inhibited the blood pressureHCE, 0.56 6 0.04 NADPH/min/mg · protein, P , 0.05
vs. HC; Fig. 5C). increase induced by the HC diet, but it did not completely
inhibit the glomerulosclerosis and the increase in LOOHOH• estimated with the ratio of 2,3DHB to 2,5DHB
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from the same origin of the mesoderm and are reported
to change from the constrict type to the synthetic type
[28]. Moreover, foam cells, originated from macrophages
and cholesterol ester, were observed in the lipid-induced
glomerular sclerotic region, as observed in arterial ath-
erosclerosis [8]. Therefore, lipid-induced glomeruloscle-
rosis seems to be analogous to arterial atherosclerosis.
In hyperlipidemia, the release of O22 • from the endothe-
lium has been reported to be increased [9], and immigra-
tion of neutrophils and macrophages by adhesive mole-
cules into the subendothelial space was observed [29].
These reports suggest that, in hyperlipidemia, the in-
crease in LOOH induced by free radicals may cause
glomerulosclerosis, as seen in arterial atherosclerosis.
O22 • is known to be further metabolized into H2O2 and
OH•, as shown in Figure 1. The increase in O22 • produc-
tion may induce glomerulosclerosis by lipid peroxidation
via OH• or LO• formation. Neutrophils generate O22 • in
inflammation or infection situations, and because athero-
sclerosis could be considered a form of inflammation
[29], we estimated the O22 • release by neutrophils and
found it to be increased in the HC rats. Moreover, the
HC diet decreased both SOD and GSHPx in the kidney,
and these decreases were inhibited by VitE. The de-
crease in GSHPx seems to reflect the increase in H2O2
and LOOH.
Although iron is tightly bound to ferritin and is stable
in the tissue, it is released as Fe31 by the free radicals
during the process of OH• and LO• formation. In our
study, Fe31 was stained in the proximal tubular epithelial
cell and the interstitium in HC rats and in the rats with
DMTU, whereas it was not stained in the normal and
in the other rats with treatment. We also observed aug-
mented inflammatory cell infiltration into interstitium in
HC rats, suggesting that O22 • release by them could be
further metabolized into OH•, resulting in release ofFig. 7. Histological findings of the kidney in rats fed a high-cholesterol
diet with normal or high vitamin E (58.5 mg/100 g) at four weeks. (A) Fe31. OH• in the kidney was increased in the HC rats,
In HC rats, slight mesangial matrix expansion (arrow) and injured tubuli and the increase was inhibited by the various forms of(arrowhead; periodic acid-Schiff 3400) were observed, whereas (B)
treatment. Concomitantly SSs and UP were decreased.vitamin E ameliorated these changes (almost normal glomerulus and
tubuli, periodic acid-Schiff, 3400). Abbreviations are: HC, high choles- A decrease in glomerular filtration rate and increases in
terol; NC, normal cholesterol; HCE, high cholesterol with high vita-
LOOH and the urinary excretion of Fe31 after reperfu-min E.
sion of the kidney were reported to be inhibited by iron
chelator [30]. In our study, VitE ameriolated the glomer-
ulosclerosis more significantly than in the other treat-
ment cases. VitE has been reported to inhibit not onlyin the kidney. These data suggest that, in addition to
the lipid peroxidation by scavenging free radicals, butblood pressure, an increase in lipid peroxidation is in-
also the increase in thromboxane A2 and the decreasevolved in the pathogenesis of lipid-induced glomerulo-
in prostacyclin in hypercholesterolemia, resulting in en-sclerosis.
hancing an anti-atherosclerotic action of VitE [31]. Al-Recently, LOOH or oxidized LDL has been reported
though SOD increases H2O2, it decreases O22 •, resultingto injure endothelial cells and to play a role in the process
in OH• reduction. Adding CAT to SOD did not affectof arterial sclerosis [7]. Histological findings, such as
the decrease in OH• or the inhibition of the glomerulo-foam cells in the sclerotic area observed in our study,
sclerosis by SOD alone, thus suggesting that O22 • waswere similar to those in arterial atherosclerosis. Both
mesangial cells and vascular smooth muscle cells are fully scavenged by SOD. Fe31 was stained in DMTU
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Fig. 8. Effects of antioxidant and radical
scavenger treatment on glomerular sclerosing
score (SS). The SS was higher in HC rats and
was partially suppressed by the treatment with
vitamin E, SOD, SOD 1 CAT, DMTU, or
DEF. The degree of sclerosis of each glomeru-
lus was graded using a 0 (normal) to 41 (global
sclerosis) scale. SS is the sum of grade numbers
(0 to approximately 4) of 100 glomeruli. Ab-
breviations are: HC, high cholesterol; NC,
normal cholesterol; HCE, high cholesterol
with high vitamin E; SOD, HC with superox-
ide dismutase; SOD 1 CAT, HC with super-
oxide dismutase plus catalase; DMTU, HC
with dimetylthiourea. *P , 0.05; **P , 0.01
vs. HC.
Fig. 9. Ferric iron (Fe31) staining of the kid-
ney (Berlin-blue method 3400). In HC rats,
(A) deposits of Fe31 (arrow) and rupture of
the basement membrane (arrowhead) in the
proximal tubular epithelial cells and (B) in
the tubulointerstitium (arrowhead) were ob-
served, whereas such a deposit of Fe31 was
not observed (C) in NC rats and (D) in HCE
rats. Abbreviations are: HC, high cholesterol;
NC, normal cholesterol; HCE, high choles-
terol with high vitamin E.
rats, as DMTU decreased OH• but did not affect Fe31 did not lower the O22 release from neutrophils. One
possible explanation for the OH• decrease is O22 • reduc-production.
In the next step, OH• oxidizes lipid, and the lipid tion by being trapped by VitE [32]. Another is that VitE
can trap LO2• and attenuates the reaction leading toradical (L•) is produced. Then, L• reacts with O2 and
becomes a peroxyl radical (LO2•). LO2• oxidizes lipid by LOOH formation [33].
As reported in previous studies [34–36], our experi-means of a chain reaction leading to LOOH formation,
as shown in Figure 1. In our study, urinary excretion of ment demonstrated that blood pressure was increased
in HC rats. Although the increases in blood pressureNAG was increased, and Fe31 was stained in the proxi-
mal tubulus in the HC rats. These data suggest that and OH• production by the HC diet were completely
inhibited by the OH• inhibitor or scavenger, the glomeru-OH• is generated through the Fenton’s reaction around
the proximal tubulus. losclerosis was not completely normalized. Therefore,
besides blood pressure elevation or oxidative stress byVitamin E inhibited the OH• production, although it
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cholesterolemic adult, male, virgin Sprague-Dawley rats. Athero-OH•, factors such as increases in blood viscosity [37],
sclerosis 46:57–65, 1983
platelet aggregation, and glomerular pressure seem to 6. Groene H, Wally J, Groene E, Niedmann P, Theiry J, Seidel
have contributed to the lipid-induced glomerulosclerosis. D, Helmhen U: Induction of glomerular sclerosis by dietary lipids:
A fundamental and morphologic study in the rat. Lab InvestUrinary norepinephrine excretion, as well as blood
60:433–455, 1989
pressure, was increased in the HC rats; however, their 7. Kasiske BL, O’Donnel MP, Cleary MP, Keane WF: Treatment
increase was suppressed by the antioxidants and radical of hyperlipidemia reduces glomerular injury in obese Zucker rats.
Kidney Int 33:667–672, 1988scavenger. These data suggest that the increase in blood
8. Malden TL, Chait A, Raines EW, Ross R: The influence ofpressure seems to be caused by an activation of the oxidatively modified low density lipoproteins on expression of
sympathetic nervous system by O22 •, because O22 • inacti- platelet-derived growth factor by human monocyte-derived macro-
phages. J Biol Chem 266:13901–13907, 1991vates nitric oxide, which is reported to suppress the sym-
9. Diamond JR: Focal and segmental glomerulosclerosis: Analogiespathetic nerve system, resulting in the decrease in norepi- to atherosclerosis. Kidney Int 33:917–924, 1988
nephrine release [38–40]. 10. Ohara Y, Peterson PE, Harrison DG: Hypercholesterolemia
increases endothelial superoxide anion production. J Clin InvestIn conclusion, lipid peroxidation seems to be involved
91:2546–2551, 1993
in the pathogenesis of lipid-induced glomerulosclerosis, 11. Rehan A, Johnson KJ, Wiggins RC, Kunkel RG, War PA: Evi-
dence for the role of oxygen radicals in acute nephrotoxic nephritis.and O22 • and OH• may play a role in this process. Glomer-
Lab Invest 51:396–403, 1984ulosclerosis caused by a HC diet seems to be mesangial
12. Yoshioka T, Ichikawa I: Glomerular dysfunction induced by poly-
atherosclerosis by LOOH, similar to arterial atheroscle- morphonuclear leukocyte-derived reactive oxygen species. Am J
Physiol 257:F53–F59, 1989rosis. However, if this is the case, why were the athero-
13. Richmond W: Preparation and properties of a cholesterol oxidasesclerotic changes not observed in the medium or large
from norcardia sp. and its application to the enzymatic assay of
arteries, other than glomeruli? This discrepancy may be total cholesterol in serum. Clin Chem 19:1350–1356, 1973
due to species differences, because in contrast to rats, 14. Tamaoku K, Ueno K, Akiura K, Ohkura Y: New water-soluble
hydrogen donors for the enzymatic photometric determination ofrabbits have atherosclerotic changes in systemic arteries
hydrogen peroxide. Chem Pharmacol Bull 30:2492–2497, 1982
[41]. Moreover, with the increase in intraglomerular 15. Lopes-Virella MF, Stone P, Ellis S, Colwell JA: Cholesterol
pressure [27], the oxidative stress in the kidney where O2 determination in high-density lipoproteins separated by three dif-
ferent methods. Clin Chem 23:882–884, 1977consumption is the greatest, functional and anatomical
16. Yagi K: Micro-determination of lipoperoxide in blood plasma ordifferences from artery may be involved in the pathogen- serum. Vitamins (Japan) 49:403–405, 1975
esis of glomerulosclerosis. However, further investiga- 17. Fujita Y, Mori I, Kitano S: Determination of proteins by using the
color reaction with pyrocatechol violet-molybdenum (IV) complextions are required to clarify the precise mechanism(s)
and protein. Chem Pharm Bull (Tokyo) 324:161–164, 1984involved in this process. 18. Mori K: Analysis of catecholamines by high speed liquid chromato-
graph (part 1). Jpn J Ind 16:490–491, 1974
Reprint requests to Akihiro Ishiyama, M.D., Ph.D., Tokyo Metropol- 19. Ben-Yoseph Y, Baylerian MS, Nadler HL: Radiometric assays
itan Police Hospital, Fujimi 2-10-41, Chiyoda-Ku, Tokyo 102-0071, of N-acetylglucosaminyl phosphotransferase and a-N-acetylgluco-
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amine moiety. Anal Biochem 142:297–304, 1984
20. Kimura K, Drozdova G, Hirata Y, Matsuoka H, Ishii M, Sugi-
moto T, Kangawa K, Matsuo H: Effect of chronic administrationAPPENDIX
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